Kumar D, Swanik C, Reisman DS, Rudolph KS. Individuals with medial knee osteoarthritis show neuromuscular adaptation when perturbed during walking despite functional and structural impairments. J Appl Physiol 116: 13-23, 2014. First published September 26, 2013 doi:10.1152/japplphysiol.00244.2013.-Neuromuscular control relies on sensory feedback that influences responses to changing external demands, and the normal response is for movement and muscle activation patterns to adapt to repeated perturbations. People with knee osteoarthritis (OA) are known to have pain, quadriceps weakness, and neuromotor deficits that could affect adaption to external perturbations. The aim of this study was to analyze neuromotor adaptation during walking in people with knee OA (n ϭ 38) and controls (n ϭ 23). Disability, quadriceps strength, joint space width, malalignment, and proprioception were assessed. Kinematic and EMG data were collected during undisturbed walking and during perturbations that caused lateral translation of the foot at initial contact. Knee excursions and EMG magnitudes were analyzed. Subjects with OA walked with less knee motion and higher muscle activation and had greater pain, limitations in function, quadriceps weakness, and malalignment, but no difference was observed in proprioception. Both groups showed increased EMG and decreased knee motion in response to the first perturbation, followed by progressively decreased EMG activity and increased knee motion during midstance over the first five perturbations, but no group differences were observed. Over 30 trials, EMG levels returned to those of normal walking. The results illustrate that people with knee OA respond similarly to healthy individuals when exposed to challenging perturbations during functional weight-bearing activities despite structural, functional, and neuromotor impairments. Mechanisms underlying the adaptive response in people with knee OA need further study. proactive response; motor control; electromyographic; reactive response; afferent feedback KNEE OSTEOARTHRITIS (OA) affects 16% of adults Ͼ45 yr of age (38), with a majority of people with knee OA having significant disability (23).
neural pathways demonstrated by decreases in proprioception, vibratory perception, muscle force control, and muscle strength (5, 6, 30, 34, 58, 71) . Hence, interventions that focus on increasing muscle strength and those that aim at improving proprioception are included in the management of individuals with knee OA (7, 20, 48, 78, 82, 83) .
The presence of pain, damage to joint structures, and afferent and efferent neural deficits could impair the ability of the neuromuscular system to sense and execute appropriate commands in response to external challenges to joint stability (31, 43) . Interventions that rely on improving proprioception or improving neuromuscular control aim to do so by using error signals generated from external cues and clinician-controlled external perturbations to induce corrective reactions (3, 7, 19, 79) . However, it is unknown whether people with knee OA, who have functional and structural impairments, are able to respond to external perturbations in a manner similar to people without knee symptoms or radiographic evidence of OA.
Ability to modify movement and muscle activation patterns is commonly assessed as a response to a series of external perturbations (24, 29, 52, 59, 62) . Typical responses to perturbations include feedback (a.k.a. reactive) and feedforward (a.k.a. proactive) responses (37, 44, 52, 55, 57) . Reactive responses occur during or shortly after a disturbance to restore balance, whereas proactive responses are those that occur prior to the onset of the disturbance and are thought to minimize the destabilization brought on by a disturbance (52, 55, 57) . Proactive responses represent the ability of the nervous system to use sensory input to predict the effect of a disturbance and adjust the response accordingly (76) . Nielsen and Sinkjaer (54) suggested that error signals (difference in anticipated and actual movement) generated from external perturbations during gait, when repeated, may constitute a substrate for motor learning. Hence, an analysis of short-term adaptation of muscle activations and movement patterns can provide insight into the ability of the nervous system in people with knee OA to integrate sensory input and produce appropriate reactive and proactive responses.
The aim of this study was to compare short-term adaptation in muscle activation and joint movement in response to repeated lateral perturbations during walking between people with and without radiographic and symptomatic knee OA. The operational definition of adaptation in the context of this study was an increase in knee motion and/or a decrease in the activation of muscles around the knee joint over repeated exposure of the perturbation. We hypothesized that people with radiographic and symptomatic knee OA would 1) show a diminished response in movement and muscle activation patterns compared with controls when exposed to the first novel perturbation, and 2) show less adaptation in movement and muscle activation patterns over repeated perturbations compared with controls.
EXPERIMENTAL PROCEDURES

Subjects
Thirty-eight individuals with diagnosed medial knee OA and 23 individuals without knee OA (Table 1) were referred from local physicians and recruited from communities in northern Delaware through newspaper advertisements. Standing semiflexed, posterioranterior and sunrise view radiographs were taken of the more symptomatic knee in the OA subjects and in one knee of the control subject (side chosen at random). Participants in the OA group had Kellgren and Lawrence (K-L) grades of II or greater (39) in the medial tibiofemoral compartment, and K-L grade in the medial compartment was greater than that of the lateral compartment. If the participant had bilateral knee OA that fit the criteria, the more symptomatic knee was identified by the individual and used in the analysis. Participants were excluded if they had a history of other orthopedic injuries in the lower extremities (e.g., knee ligament injuries) or spine, used an assistive device, had a history of neurological injury, had a history of rheumatoid arthritis, were pregnant, or had undergone a joint replacement or skeletal realignment procedure in either lower extremity. The Institutional Review Board of the University of Delaware approved the research protocol, and all participants gave informed consent to participate.
Assessment of Disability
Self-reported disability. The Knee Injury and Osteoarthritis Outcome Score (KOOS), which is a self-reported measure of function that comprises five dimensions of knee function, i.e., pain, symptoms, ADL, sport and recreation function (sport), and knee-related QOL (47, 64) , which were used to assess function. Each dimension is scored from 0 to 4, and then scores are transformed to a percentage score of 0 to 100, with 0 representing extreme knee problems and 100 representing no knee problems (64) . The KOOS has been shown to be a valid, reliable, and responsive measurement of overall knee joint function in people with OA (47) . For this study, KOOS subscales of symptoms, pain, and ADL were used.
Physical performance. A timed stair-climbing test was used, where participants were timed with a stopwatch as they ascended and descended a set of 12 stairs (18 cm high). The participants were instructed to perform the task as quickly as they felt safe and comfortable. They were encouraged not to use the handrail but were not prohibited from doing so for safety. A longer time to complete the stair-climbing test represents worse functional limitations. Excellent test/retest reliability (Pearson r ϭ 0.93) was reported for a similar stair-climbing task in people with knee OA (63) .
Assessment of Functional Impairments
FKI. FKI was assessed using the Knee Outcome Survey-Activities of Daily Living Scale (36) (KOS-ADLS). One question from the KOS-ADLS relating to functional stability of the knee has been shown to be a reliable measurement of self-reported knee instability in patients with knee OA (21) . In this question, participants rated the severity of knee instability on a six-point scale in response to the question, "To what degree does giving way, buckling, or shifting of your knee affect your level of daily activity?". A score of Ͻ4 indicated the presence of FKI, a score of 4 indicated FKI that does not impact daily activities, and a score of Ͼ4 indicated the absence of FKI.
Quadriceps strength. Quadriceps femoris muscle strength was measured as the magnitude of the force output (in Newtons) during a maximal voluntary isometric contraction (MVIC) at 90°knee flexion on an isokinetic dynamometer (Kin Com Isokinetic International, Harrison, TN). Each participant practiced producing maximal quadriceps femoris muscle contractions against the dynamometer arm while verbal encouragement and visual feedback were provided to maximize volitional efforts. For the test, participants were asked to produce an MVIC of their quadriceps femoris muscle, and the highest trial with the greatest strength (highest force in Newtons) was used in the analysis. All strength data were normalized to the subject's BMI.
Proprioception. Threshold to detect passive motion (TTDPM) was measured on a custom-built device ( Fig. 1) with the subjects seated (75) . The lower leg was secured in a pneumatic sleeve to minimize cutaneous cues, and headphones and blindfold were used to eliminate auditory and visual cues, respectively. TTDPM was tested at 15 and 45°from end of each subject's available knee extension range. The subjects were given three practice trials. In each recorded trial, the examiner tapped the subject on the shoulder to notify him/her that the device would start moving in the next 10 s. At a random interval within the 10 s, the device passively flexed or extended the lower leg of the subject at a velocity of 0.5°/s and an acceleration of 100°/s 2 . When the subject perceived the knee movement, they pressed a hand-held switch that disengaged the motor, and the degree of rotation was recorded. An average of three trials was taken. Previous studies using the proprioception-testing device have shown a test/retest reproducibility of 0.92 (75) .
Assessment of Structural Impairments
Medial joint space width. Medial joint space width was measured on a posterior-anterior, weight-bearing, semiflexed radiograph as the narrowest distance between the femur and tibia (42). 
Values are means (SD). BMI, body mass index; K-L, Kellgren and Lawrence grade; OA, osteoarthritis; NA, not applicable. P values are from independent sample t-tests for age and BMI and from chi-square tests for sex and K-L distribution. Alignment. Alignment was assessed using a standing, anteriorposterior radiograph in which the hip, knee, and ankle joints were visible. Alignment was determined by the angle (varus Ͻ180°, valgus Ͼ180°) of the mechanical axes of the femur and tibia (32) .
The coefficient of variation for the radiographic measurements for the same rater was Ͻ3%.
Assessment of Response to Perturbations
Motion analysis. Subjects walked at their self-selected speed over ground along a 13-m walkway. Kinematic data were collected at 120 Hz using a passive eight-camera system (VICON MX; Oxford Metrics, Oxford, UK). Joint centers of the lower limb were defined using 9.5 mm retroreflective markers placed bilaterally over the iliac crests, greater trochanters, lateral femoral condyles, lateral malleolus, and fifth metatarsal heads. Rigid thermoplastic shells affixed with four markers were attached to an elastic underwrap (SuperWrap; Fabrifoam, Exton, PA) surrounding the thigh and shank. Both shank and thigh shells were wrapped with Coban (St. Paul, MN) self-adherent wraps (3 M) to minimize movement (51) . A marker triad placed on the sacrum and two additional markers on the heel counter of each subject's shoe along with the marker on the fifth metatarsal head were used to track pelvis and foot movement respectively. Inter-and intrarater reliability was established for marker placement in six young healthy subjects. The inter-class coefficients for both sagittal and frontal plane variables were Ͼ0.90.
Surface electromyography. Muscle activity was recorded simultaneously at 1,080 Hz using a 16-channel system (MA300; Motion Lab Systems, Baton Rouge, LA). Preamplified surface electrodes (20-mm interelectrode distance, 12-mm disk diameter) were placed over the mid-muscle belly of the semitendinosis (MH), biceps femoris (LH), vastus medialis (MQ), vastus lateralis (LQ), and medial (MG) and lateral (LG) heads of the gastrocnemeii (14) . electromyographic (EMG) signals during a MVIC and at rest were recorded for each muscle for use during postprocessing.
Disturbed walking paradigm. A custom-built, moveable platform (NSK, Tokyo, Japan) imbedded in the walkway was used to deliver the perturbations that consisted of a lateral translation of 5.8 cm at a speed of 40 cm/s in response to a signal from a switch mat mounted on the platform surface generated at initial contact (delay Յ10 ms; Fig. 2 ). The perturbation paradigm has been used in earlier studies from our group (44, 67) . The paradigm is designed to challenge frontal plane stability in people with medial knee OA who are known to have abnormal frontal plane mechanics (2, 74) . Data were collected during 10 trials in which the subject was aware that no movement would occur ("normal"). For safety, subjects were allowed to observe the perturbation, and if requested, they were allowed to perform one practice trial. No subject requested a practice trial. After 10 normal trials were collected the subjects were asked to continue walking at the same speed, and during one of these trials the platform would move, causing a perturbation (P). The trial number in which the platform first moved (P1) was randomized (between 1 and 5 trials). After the first perturbation trial (P1) was presented the subjects were informed that the platform would move during all subsequent trials, and five consecutive perturbation trials were collected. After initial inspection of the data, it appeared that adaptation continued beyond the fifth perturbed trial in some individuals. Therefore, to assess whether knee motion and muscle activity adapted to the extent that they were no different from level walking values, we collected data from a total of 30 consecutive perturbation trials in a subset of subjects (controls, n ϭ 17; OA, n ϭ 14).
Data management. Marker trajectories were low-pass filtered (Butterworth 4th order, phase lag) with a cutoff frequency of 6 Hz using Visual 3D (C-Motion, Germantown, MD). Three-dimensional joint kinematics were calculated using rigid body analysis and Euler angles and referenced to the coordinate system from a standing posture. Sagittal plane knee angle variables included angle at initial contact and excursions over two intervals: loading response (from initial contact through peak knee flexion) and midstance (from peak knee flexion angle through peak knee extension) (Fig. 3) .
EMG data were high-pass filtered using a recursive fourth-order Butterworth filter with a cutoff of 20 Hz, and a full-wave rectified and linear envelope was created using a low-pass fourth-order recursive Butterworth filter with a cutoff of 20 Hz (Visual 3D; C-Motion). The level of resting EMG was subtracted from the linear envelope data from the active trials. The linear enveloped EMG data were then normalized to peak activity collected from a MVIC performed for each muscle group, so EMG data are reported as a percentage of the maximum. Linear envelope data were averaged over the following intervals: preactivation (100 ms prior to initial contact), loading response, and midstance (Fig. 3) . 
Statistical Analyses
Disability, functional impairments, and structural impairments. Independent sample t-tests were used compare subject demographics, KOOS scores, stair-climbing test, quadriceps strength, TTDPM, medial joint space width, and alignment between the control and knee OA groups. Prevalence of FKI was compared across the groups using a chi-square test.
Proactive and reactive responses to first 5 perturbations. A twoway mixed ANOVA was used to compare the kinematic (knee angle at initial contact, flexion excursion, extension excursion) and EMG (MQ, LQ, MH, LH, MG, and LG) responses during preactivation, loading response, and midstance phases. The anlyses were performed using a between-group factor (2 groups) and a within group repeated factor (6 trials). The two groups were controls and OA. The six trials were level walking (x of 10 trials) and each of the first five perturbation trials (P1, P2ѧ P5). Paired t-tests were used for post hoc comparisons of one trial to the next adjacent trial in each of the groups.
In the subset of individuals who completed 30 perturbation trials, exploratory analyses were done using a group by trial mixed ANOVA to compare the knee movement and muscle activity during level walking, with the amount of adaptation during the perturbations for the midstance phase only. The two groups were controls and OA. The two trial conditions were level walking (x of 10 trials) and the "bin" of five trials with the lowest muscle activation or greater knee excursion (Fig. 4) . The 30 trials were divided into bins of five trials, and mean extension excursion and activity of all muscles were calculated for each bin (Fig. 4) . The greatest extension excursion and the lowest EMG activity in the bins were defined as the level of adaptation. The midstance phase was chosen because the time from initial contact to peak knee extension is within the duration of a long latency reflex, when adaptation is expected to occur.
RESULTS
Disability, Functional Impairments, and Structural Impairments
The differences between control and OA subjects for age, BMI, and sex distribution (Table 1) were not significant (P Ͼ 0.05). The OA group had significantly higher reports of pain, knee-related symptoms, and difficulties with ADL (P Ͻ 0.001; Table 2 ). The OA group walked slower, took longer to complete the stair-climbing test, and had lower quadriceps strength and greater prevalence of symptomatic FKI (P Ͻ0.001-0.037). The differences in proprioception were not significant between OA and controls (P Ͼ 0.05). Subjects with knee OA had lesser medial joint space width and greater frontal plane varus (P Ͻ 0.001) compared with the control subjects.
Proactive and Reactive Responses to Perturbation
Preactivation. The data for knee angle at initial contact and muscle activity for all muscles are shown in Table 3 . During the preactivation phase, prior to the foot contacting the platform, a main effect for trial type was observed. In P1, both groups demonstrated a similar pattern of greater knee flexion at initial contact and higher levels of muscle activity across all muscles (P Յ 0.002). From P1 to P2, both groups increased their knee flexion at initial contact and showed an increase in muscle activity for LG (P Յ 0.008). The activity for all other muscles did not show any further change after P1. Across all trials, the OA subjects maintained their knee in greater flexion at initial contact compared with the control group (P ϭ 0.043). Loading response. The data for knee flexion excursion and muscle activity for all muscles are shown in Table 4 . During the loading response phase, as the limb accepts weight, a main effect for trial type was observed. In P1, both groups demonstrated a similar pattern of lesser knee flexion excursion during loading response and higher levels of muscle activity across all muscles (P Յ 0.006). From P1 to P2, both groups showed a further decrease in their knee flexion excursion and increase in the activity in MH and LH muscles (P Յ 0.029). There were no changes in the flexion excursion or muscle activity after P2. Across all trials, the OA group had less flexion excursion and higher LH activation during loading response (P Յ 0.005).
Midstance. The data for knee extension excursion and muscle activity for all muscles are shown in Fig. 5 . During the midstance phase as the stance knee extends, a main effect for trial type was observed for all variables (P Ͻ 0.001). In P1, subjects in both groups showed a reduction in the extension excursion and an increase in the activity of all muscles . Thereafter, the extension excursion increased from P1 to P2 (P Ͻ 0.001), and activity of MQ, LQ, MH, and LH showed a decrease from P1 to P2 and from P2 to P3 (P Յ 0.023). Activity of MQ further decreased from P3 to P5 (P Յ 0.034), and activity of MH also decreased from P4 to P5 (P ϭ 0.011). Activity of MG decreased from P2 to P3 (P ϭ 0.023) and did not change thereafter. Activity of LG did not change from P1 to P2 but showed a decrease from P3 to P5 (P Յ 0.048). Across all trials, subjects with knee OA had smaller extension excursion and greater activation in MQ, LQ, and LH muscles (P Յ 0.003).
Neuromuscular adaptation. The data for knee extension excursion and muscle activity for MQ, MH, and MG for level walking and the greatest knee excursion or lowest level of EMG are shown in Fig. 6 . Both groups showed an increase in knee extension excursion and decreased magnitude of muscle activation over the 30 consecutive perturbation trials. No statistical differences were observed between the extension excursion during level walking and the greatest extension excursion during the 30 trials or the activation of MQ, LQ, MH, and LH during level walking and the lowest EMG magnitude during the 30 perturbation trials, indicating that muscle responses and knee excursions had adapted to baseline levels. The magnitude of MG and LG activity in the 30 trials stayed greater than that of level walking in both groups (P Յ 0.023).
DISCUSSION
The aim of this study was to compare short-term adaptation in muscle activation and joint movement in response to repeated lateral perturbations during walking between individu- Average of 10 unperturbed trials (level) and the first 5 perturbation trials (P1-P5). %Max, percentage of the maximum. *Statistically significant difference between adjacent trials (P Ͻ 0.05). als with medial knee OA who present with significant functional and structural impairments and healthy asymptomatic controls. The hypotheses was that, compared with the control subjects, people with medial knee OA would exhibit a reduced ability to adapt their movement and muscle activation patterns due to structural, functional, and neuromotor impairments related to the OA disease process. However, our hypotheses were not supported by the data, with both groups demonstrating similar proactive and reactive responses to perturbations that challenged knee stability. The OA group had significant Average of 10 unperturbed trials (level) and the first 5 perturbation trials (P1-P5). *Statistically significant difference between adjacent trials (P Ͻ 0.05). structural and functional impairments compared with the control group. Furthermore, the OA group also demonstrated patterns of higher muscle activation and less knee motion that have been shown in multiple earlier studies (33, 44, 66, 67) , indicating that the OA cohort in this study had neuromuscular impairments, although we did not observe a difference in joint proprioception. The findings from this study show that people with knee OA use strategies that lead to neuromotor responses similar to that seen in healthy control subjects, when exposed to challenging perturbations. However, mechanisms underlying the adaptive response in people with knee OA need further study. In our paradigm, input was available from multiple lower extremity afferents, including muscle spindles, skin, and other lower extremity joints in people with significant knee OA-related impairments. Furthermore, the techniques used in our study may have limited sensitivity to detecting proprioceptive deficits (61) . This redundant input may allow the generation of appropriate response to external challenges to stability while walking. Hence, the often-reported deficits in knee proprioception in people with knee OA, measured under carefully controlled conditions, may not be critical toward maintaining joint stability during daily activities. However, magnitudes and directions of perturbations other than those used in our study may yield different results. Future studies should also take into consideration the limited sensitivity of commonly used tests of proprioception and the role of muscle spindles in movement and position sense.
Disability, Functional and Structural Impairments, and Walking Patterns
Subjects in our OA group had significantly greater pain and self-reported and physical limitations compared with the control group, as demonstrated by lower KOOS scores, greater time taken to complete the stair-climbing test, and slower walking speed. The OA group also had greater quadriceps weakness, varus malalignment, and FKI. Pain at the knee has been shown to be associated with quadriceps inhibition (4, 70) , but none of our subjects reported pain during maximal quadriceps strength assessment. Hence, the quadriceps strength deficits in the OA group may be more related to other mechanisms like loss of cross-sectional area (35) and change in muscle fiber type (18) . The smaller medial joint space and greater frontal plane varus suggest that there was significant damage to the knee tissues in the OA group. It has been shown that varus malalignment is a reliable marker of OA incidence and progression with greater malalignment associated with greater medial cartilage loss, meniscal damage and extrusion, and greater bone marrow edema-like lesions (25, 72, 73) .
We also observed less knee motion and higher muscle activation in people with knee OA compared with controls during walking. These findings have also been reported earlier in multiple studies (33, 44, 66, 67) and indicate that the cohort of knee OA subjects did have neuromotor impairments. Similar responses to perturbation in both groups, despite the profound differences in structure, function, and walking patterns, could be due to 1) the redundancy in afferent input from lower extremities, 2) the perturbation being of insufficient magnitude to challenge knee stability, or 3) other compensatory strategies. Since the perturbation was applied at the foot, it is quite likely that afferent information from multiple structures, including the sole of the foot, ankle and foot muscles, and ankle and foot joint receptors, would be available to the nervous system. None of our subjects had pain in other joints of the lower extremity, and hence, we could assume a normal afferent input from these structures. It is possible that the information from these structures was sufficient for the nervous system to generate ade- quate responses to these perturbations even in people with significant knee OA. Hence, the deficits in knee proprioception that have been reported in earlier studies may not impair the ability of people with knee OA to respond to external challenges to stability under functional weight-bearing conditions. It is less likely that the perturbation was of insufficient magnitude to challenge knee stability. Using the same perturbation paradigm, earlier we observed greater medial muscle cocontraction in people with knee OA compared with controls and in people with knee OA who have FKI compared with those who do not during standing and walking (44, 67) . Hence, further work is needed to understand the strategies underlying the adaptive response in people with knee OA, perhaps with different directions and magnitudes of perturbations.
Although we observed differences in movement and muscle activation patterns, we did not see a difference in proprioception as assessed using the TTDPM technique between the OA and control groups. It has been suggested recently that the proprioception tests that are commonly used, including TTDPM, may not be sensitive to detect threshold of movement onset since they only assess that a movement occurred (61). Muscle spindles have been shown to be the primary afferent organ for movement and position sense detection, and muscle spindle discharge can vary depending on the length and history of muscle activity prior to propriception testing (61) . It has been recommended that in tests of proprioception under relaxed conditions, like those used in our study, the participants should be asked to isometrically contract the agonist muscles at the joint angle at which the test is being performed to counter any thixotropic effects that may be present in the muscle or the spindles (61) . The subjects in our study did not perform the isometric contraction, and hence, the findings may be affected by muscle thixotropy. Furthermore, these tests of proprioception also rely on memory, mood, motivation, and reaction time of the participants (71, 77) . Hence, other tests, including vibratory perception, have been recommended, which partly overcome some of these limitations (71, 77) . In fact, a recent review recommended that a new protocol for measurement of knee proprioception in people with knee OA is needed (40) . Earlier studies that found differences in TTDPM between subjects with knee OA report large effect sizes between 0.47 and 2.7 (50, 58) . Using these effect sizes, an ␣-level of 0.05, and a power of 80%, we had a sufficient sample size to detect differences. However, for one of the comparisons the P value was 0.092, suggesting that issues related to sample size may be present. Finally, the importance of proprioceptive deficits in knee OA has received some scrutiny, with large-scale longitudinal studies reporting weak or no associations between proprioceptive deficits and onset of symptomatic or radiographic knee OA or development of adverse OA outcomes (17, 69) . The findings from our work also suggest that during functional weight-bearing activities, the redundancy in afferent feedback may be sufficient to allow adequate neuromotor responses.
Response to First Perturbation
The timing of the first perturbation trial was unknown to all of the subjects, and subjects in both the OA and control groups exhibited similar responses. Subjects in both groups responded to the first novel perturbation with a decrease in knee motion during loading response and midstance phases accompanied by an increase in muscle activity of all muscles studied. This first response (a.k.a. a "startle-like" response) is comparable with the responses elicited by a sudden high amplitude auditory stimulus (55, 56) and is characterized by cocontraction of muscles. The elevated EMG activity in conjunction with truncated knee motion illustrates a knee stiffening or "freezing" strategy (55) that may be an attempt to maintain knee stability.
Increased knee flexion and higher muscle activity observed during the preactivation phase were unexpected since subjects were unaware of when the first perturbation would take place (8, 26) . This unexpected finding could have occurred because for safety reasons we allowed the subjects to observe the platform translate, and although they did not know when the first perturbation would occur, they may have been sufficiently unsure of the experience that their muscles were more active in anticipation of P1. Such a response has been reported previously (22, 45) and could lead to better stability under uncertain and challenging conditions.
Response to Repeated Perturbations
All subjects in the study showed an increase in knee motion and a reduction in muscle activity of quadriceps and hamstring muscles during the midstance phase on repeated exposure to the perturbations. Prior experience of a perturbation leads to the generation of proactive responses that works in conjunction with reactive response to maintain postural stability (52, 57) . Adaptation is characterized by decrease in the reactive response to perturbations (57) . Reactive response consists of short-and long-latency responses, and it has also been shown that the long-latency reflexes show the greatest habituation by a decrease in magnitude (24, 56, 65) . For our subjects, the midstance phase likely corresponded with the interval of time when the long-latency reflex (Ͼ90 ms) occurs, and hence, adaptation was observed primarily in this phase. Although changes in reactive responses that occur in the time frame of a long-latency reflex may be too slow to affect dynamic stability directly, adaptation in the long-latency reflexes represents the influence of proactive responses that occur when the motor system predicts future motion based on past experiences (80). Classen et al. (9) proposed that short-term adaptation is the first step in skill acquisition, which would bode well for people with OA who may need to learn to stabilize their knees after joint structures become damaged.
It was interesting to see that the short-term adaptation was seen only during midstance phase, a point in the gait cycle when the second peak of external knee adduction moment (KAM) occurs. However, higher articular loads at the knee during loading response at first peak of KAM (11, 27, 41) that occurs during the loading response phase of gait are the hallmark of walking patterns in people with knee OA. No adaptation was observed during the loading response, and we did not observe an adaptive response with all of the subjects, which is most likely due to the loading response being a phase in which only short-and medium-latency reflexes, which usually do not show adaptation, are generated (24, 56) .
The attenuation of the EMG during midstance was most pronounced in the quadriceps and hamstring muscles, whereas the gastrocnemius muscles showed less attenuation, and the magnitude was higher even after 30 trials. This finding is consistent with those of Nieuwenhuijzen Duysens, who found that sensorimotor adaptation is less in muscles, with special significance to the perturbation (55). In the current study the perturbation was applied at the foot-floor interface, so a sudden displacement of the foot is likely to elicit activation of muscles around the ankle joint to provide a more stable ankle, and adaptation could have decreased postural stability (28) . The application of the perturbation at the foot-floor interface may be considered a limitation to this study since the perturbation may not have resulted in destabilization of the knee; however, the adaptation that was seen in the muscles that cross the knee and not the ankle suggest that the paradigm was appropriate for determining whether neuromuscular adaptation was different in OA subjects compared with controls.
Studies investigating the response to postural perturbations in individuals with knee OA are scarce. Earlier work from our group has found that, using the same perturbation paradigm as this study, people with medial knee OA generate higher medial muscle cocontraction during standing compared with controls, and people with medial knee OA who have FKI generate higher medial muscle cocontraction during walking compared with those without FKI (44, 67) . However, the adaptive response to repeated perturbations was not investigated in these studies. Results from the current work build upon this earlier work and demonstrate that despite these differences in movement patterns, people with knee OA show similar decreases in response as controls if the perturbations are repeated. Using a knee-buckling paradigm in a unilateral stance, Irwin et al. (37) found no difference in the onset latencies of vastus lateralis or biceps femoris between people with knee OA and old or young adults. They recommended future studies to focus on muscle amplitudes instead of latencies, as has been done in the current study. Finally, Fallah-Yakhdani et al. (16) and Yakhdani et al. (81) assessed dynamic stability and variability during treadmill walking in subjects before and after total knee arthroplasty. They reported less variability in the affected extremity of OA subjects, which was associated with reduced fall risk. Furthermore, the OA subjects had greater cocontraction, and the affected extremity was more stable than the unaffected extremity. Our findings of less motion and greater muscle activation across all trials likely support the phenomenon of less variability. However, the changes in variability across repeated perturbations need further study.
Conclusions and Clinical Implications
The results from this study show that individuals with knee OA demonstrate similar responses to perturbations during walking as those without knee OA. Exercise programs focusing on joint stability and proprioception are becoming more popular in the rehabilitation of people with knee injuries (1, 15, 19) . So-called "proprioceptive training" or "neuromuscular training" is purported to address knee control or alter walking patterns to lower knee contact loads, and they often involve activities that challenge knee stability in a safe and controlled manner (3, 7, 79) . The role of diminished knee proprioception, if present in people with knee OA, toward maintaining knee stability during weight-bearing activities is questionable due to redundancy of afferent input. However, if these perturbation training-based programs are successful at altering movement patterns that can reduce articular loading during walking, they may have utility toward slowing structural progression of knee OA (7) . Results from this study show that people with medial knee OA demonstrate changes in muscle activation and movement patterns when exposed to perturbations, but future studies would need to be done to investigate whether specific changes can be targeted and retained over a long period of time.
The results from this study need to be interpreted in light of certain limitations. The techniques used to assess proprioception may have had limited sensitivity, as discussed above. However, these techniques have been used in earlier studies in subjects with knee OA, allowing us to compare our findings with published literature. The perturbation paradigm used allowed subjects to continue walking after experiencing the perturbation to the end of the walkway and then back to the starting position. This period could have induced some "washout" of the adaptive response resulting from the perturbation. However, had subjects been able to experience the perturbation in consecutive strides, we speculate that the magnitude and rate of habituation may actually have been higher than observed here. Also, it is likely that the perturbation used, although appropriate to analyze reactive and proactive responses, was not of sufficient magnitude to elicit differential responses between groups. Finally, we did not adjust for multiple comparisons in the between-group analyses, and hence, P values close to 0.05 should be interpreted with caution.
In conclusion, the results from this study provide indirect evidence that the manner in which the nervous system processes sensory information in people with knee OA is similar to that in healthy control subjects. To our knowledge, this is the first study to demonstrate similar responses to repeated perturbations in people with symptomatic and radiographic knee OA and controls. The subjects with knee OA had significantly worse structure and function and differences in walking patterns compared with the control subjects but still showed similar adaptive response. Hence, compensatory strategies may be sufficient to allow people with knee OA to maintain stability when challenged during walking. However, the mechanisms underlying these responses will need further study.
